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     Science and engineering of fiber reinforced advanced composite materials (FRC) is 
an actively broadening research field with more and more emphasis on their multi-phase 
and multi-scale characteristics. While emerging manufacturing and characterization 
techniques provide ability to manipulate the materials at all scales from traditional 
macro to relatively recent emergence of nano-scale, computational tools provide better 
understanding of behavior of composite materials. Collective and coherent use of these 
abilities and tools can make composites better. This thesis is an effort to address how 
and why engineers can and should associate other characteristic scales with the 
traditional macro-scale engineering of composites.  Three different studies on structural 
composites which exemplifies the need for multi-scale overlook are reported, each 
contained in individual chapters.  
     Nano-Macro associated case study:  In-house synthesized poly(styrene-co-glycidyl 
methacrylate) based nano-fibers manufactured by electro-spinning were implemented to 
carbon fiber reinforced epoxy composites as interlayers. As a result of several 
mechanical tests and fracture analysis a significant increase in resistance against mode 





penalty was observed. This increase was attributed to the chemistry tuned epoxy 
compatibility of nano-fibrous interlayers. 
     Micro-Macro associated case study: A systematic statistical tool built upon an 
intensive amount of finite element analyses. Surrogate models on the micromechanics 
based stress amplification factors for CFRP reinforced epoxy composites are offered. 
Quadratic models are reported taking longitudinal fiber stiffness (Ef), fiber volume 
fraction (Vf) and matrix stiffness (Em) as input and calculates each term of the stress 
amplification matrix that can connect macro-level stresses to micro-level stresses. 
     Meso-Macro associated case study: The fiber bundle width and inter-bundle distance 
of non-crimp fabric reinforcements (NCF) was considered. The effect of reinforcement 
architecture on the mechanical response was evaluated through the manufacturing and 
testing of vinyl ester based composite laminates containing glass fiber NCF of 300 
TEX, 600 TEX, 1200 TEX and 2400 TEX yarn numbers with constant aerial weight. 
Overall results suggested that the inter-bundle distance was a tunable meso scale 
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     Elyaf takviyeli ileri kompozit malzemelerin incelenmesi ve tasarımı gün geçtikçe 
önem kazanan ve büyüyen bir araştırma alanıdır. Bu alanda güncel olarak üstünde 
durulan husus, bu malzemelerin çok fazlı ve çok boyutlu davranış özelliklerinin 
araştırılmasıdır. Gelişen üretim teknikleri ve karakterizasyon yöntemleri ile 
malzeme özellikleri, alışılagelmiş makro ölçekten başlayıp nano ölçeğe kadar 
incelenip, geliştirilirken diğer yandan hesaplamalı yöntemler kompozit malzemelerin 
farklı boyutlardaki davranışlarının araştırılmasına katkıda bulunmaktadır. Bu 
unsurların bir arada efektif kullanılması kompozit malzemelerin ilerlemesinde 
önemli bir etkendir.  
   Bu tez çalışması yapısal kompozit malzemeler üzerinde yapılan, üç örnek 
çalışmayı kapsamaktadır.  Herbir çalışma sırasıyla nano, mikro ve mezo ölçeklerinde 
sınıflandırılabilecek değişkenlerin, kompozit malzemelerin makro ölçekteki 





     Nano-makro tabanlı örnek çalışmada, özgün sentezlenip elektrospin yöntemiyle 
üretilen Stiren glisidil metakrilat kopolimer bazlı nanolifler karbon elyaf destekli 
epoksi kompozitlerin içine katmanlar arası arafaz olarak yerleştirilmiştir. Bu 
eklemeni laminatların delaminasyon direncini %70 arttırırken aynı zamanda da 
yanal matris çatlamasını %25 geciktirdiği gözlemlenmiş ve nanoliflerin kimya bazlı 
epoksi uyumluluğu buna sebep olarak öne sürülmüştür.  
     Mikro-makro tabanlı örnek çalışmada, çok sayıda sonlu elemanlar analizini taban 
alan istatistiksel bir program geliştirilmiştir. Tepki yüzeyleri temelli yaklaşımları 
esas alan bu program karbon elyaf destekli epoksi kompozitler için fiber sertliği, 
hacimsel fiber oranı ve matris sertliği gibi parametreleri veri olarak alıp, makro ve 
mikro gerilimleri biribirine bağlayan mikromekanik bazlı gerilim yükseltme 
faktörlerini hesaplamaktadır.  
    Mezo-makro tabanlı örnek çalışma, kırımsız elyaf takviyeli kompozitler için mezo 
boyuttaki fiber demet enlerini ve demetler arasındaki uzaklığı değişken olarak 
almaktadır. Birim alan ağırlığı sabit, 300 TEX, 600 TEX, 1200 TEX ve 2400 TEX 
iplik numaralı cam elyaf kumaş destekli vinil ester kompozitlerin üretimi ve testiyle, 
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1.1 General Introduction 
 
    Science and engineering of fiber reinforced advanced composite materials (FRC) is 
an actively broadening research field with more and more emphasis on their multi-phase 
and multi-scale characteristics. While emerging manufacturing and characterization 
techniques provide ability to manipulate the materials at all scales from traditional 
macro to relatively recent emergence of nano-scale, computational tools provide better 
understanding of behavior of composite materials. Collective and coherent use of these 
abilities and tools can make composites better. This thesis is an effort to address how 
and why engineers can and should associate other characteristic scales with the 
traditional macro-scale engineering of composites.  Three different studies on structural 
composites which exemplifies the need for multi-scale overlook are reported, each 
contained in individual chapters. 
     Nano-Macro associated case study: Nano-scale considerations in structural 
composites field emerged from the fact that nano-scale reinforcements as distinct 
phase(s) are expected to elevate mechanical properties without significant weight 
penalty. While aiming to achieve improvements passing on notably to the macro-scale, 
the understanding of the transmittal mechanisms between nano and upper length scales 
requires multi-disciplinary experimental and analytical research efforts. In order to 
contribute to this wide open end, Chapter 2 investigates the use of in-house synthesized 
poly(styrene-co-glycidyl methacrylate) based nano-fibers manufactured by electro-
spinning as interlayer agents to improve delamination and transverse matrix cracking 
resistance of carbon fiber reinforced epoxy composites. The effort also includes the 
effect of Multi Walled Carbon Nanotubes (MWCNTs) inside of the nanofibers to the 
overall behavior composite laminates. Overall an example of hybrid composites where 
nano-scale phases provide improvements at macro level properties are presented.  
     Micro-Macro associated case study: the micro-scale engineering of composite 





macro scale observations. A substantial amount of research activity was directed 
towards the micromechanics of composite materials to provide more accurate 
representation of heterogeneous materials at macro-scale in homogenized manner. 
While stiffness aspects benefit from the homogenized scheme, recent failure prediction 
schemes are driven by constituent-based assessments via micromechanics models along 
with the macro and homogenized stresses. This is because traditional macro stress based 
failure criteria (e.g Tsai-Wu, Tsai-Hill, Max Stress, Max Strain) to predict the complex 
behavior of composite materials may remain limited. Based on the micromechanics of 
failure (MMF), third chapter presents a systematic statistical tool built upon an intensive 
amount of finite element analyses. Surrogate models on the micromechanics based 
stress amplification factors for CFRP reinforced epoxy composites are offered. 
Quadratic models are reported taking longitudinal fiber stiffness (Ef), fiber volume 
fraction (Vf) and matrix stiffness (Em) as input and calculates each term of the stress 
amplification matrix that can connect macro-level stresses to micro-level stresses.  
These general user oriented surrogates enable the use of MMF without involved 
micromechanics based FE analysis.  
     Meso-Macro associated case study: Increased use of non-crimp fabric (NCF) in 
addition to traditional fabric composites backs-up extensive efforts to understand the 
behavior at the meso-scale. Need for the meso scale insight of such composites is due to 
complex tow-yarn architectures in contrast to uniformly spread traditional uni-
directional tape reinforcements where typically micro-macro coupling is sufficient. The 
last chapter deals with the effect of yarn linear density or so called TEX number on the 
behavior of non-crimp glass fiber reinforced vinyl ester composites. Meso scale factors 
in NCF composites can be described as inter-bundle distance and fiber bundle width. 
Their effects to the overall mechanical response are investigated through the 
manufacturing and testing of composite laminates containing glass fiber NCF of 300 
TEX, 600 TEX, 1200 TEX and 2400 TEX yarn numbers while aerial weight remained  
constant. Experiment based Tsai-Wu strength and stiffness parameters of several 
laminates are extracted out for macro-stress based property prediction with Tsai-Wu 
failure criteria. In addition, measured volume fractions and stiffness parameters were 
used in the micromechanical analysis for the strength back calculation of tested 
constituents. This part of the thesis exemplifies how meso-scale characteristics impact 
the experimental responses and shows the need of multi-scaled analysis (micro-meso-















STRUCTURAL COMPOSITES HYBRIDIZED WITH EPOXY COMPATIBLE 










     Intra-and inter-laminar resistance to failure in laminated composite materials has 
been an active and constantly growing research field. Improvement in failure resistance 
is typically sought by i) altering the constituent properties, ii) introducing effective 
sub-phases and reinforcement without significant weight penalty including ply 
stitching and z-pinning applications.  
     Matrix toughening and interlayer toughening, for instance, have emerged to 
increase delamination resistance [1]. Reneker and co-workers [2] introduced an 
innovative idea and demonstrated the utility of electrospun nanofibers as potential bulk 
toughening elements. In line with Reneker’s work, Dzenis [3, 4] explored the use of 
electrospun nanofibers as interlayer toughening elements within the traditional 
laminated composites.  Dzenis observed that entangled nanofibers improve interlaminar 
fracture resistance much like the hooks and loops in Velcro and also play a part in crack 
deflection, nanofiber pull-out, plastic deformation, and crack bridging [4]. This 
pioneering idea was then applied to several composite systems and studied under 
various testing conditions [5-10] which were thoroughly reviewed and discussed by 





     Targeting improved toughness, several studies offered the use of carbon 
nanotubes as toughening elements to increase ply by ply sticking and delamination 
resistance [12,13].While these studies have been paving the way to the integration 
of nanocomposites into traditional composites, research on their modeling aspects 
have also been intensified. Effective modeling strategies of various complexities 
can be used to understand the characteristics [14-16] and to explore the potential of 
the nano composites [17]. Review articles by Zeng et al. [14], Hu et al. [15]and 
more recently  Llorca et al. [16] provide insight to the state-of-the-art on 
computational techniques, ranging from molecular dynamics simulations to 
traditional finite element analysis, to address the multi-scale nature of the nano-
composite/composite world. It is our interpretation that integration of nano-
composites, nanofibrous filler forms in particular, into   conventional structural 
composites calls for both further data generation and multiscale modeling or 
framework for accurate mechanical/structural behavior predictions.   
     Our present work is intended to contribute the experimental demonstration and 
data generation of the nanofiber reinforced interlayers in laminated composites. In 
support of the effective use of electrospun nanofibers in structural composites, 
our previous efforts [18, 19] introduced the concept of tailoring or designing the 
chemistry of electrospun fiber and their interface with the polymer matrix. Our 
experiments revealed that polystyrene-co-glycidyl methacrylate P(St-co-GMA) is 
a promising base polymer for nanofiber production due to its chemical 
compatibility with the crosslinking epoxy systems in composite applications. 
     The content of this chapter aims to show the potential of electrospun P(St-co-
GMA)/MWCNT based nanofibers as interlayers in conventional carbon fiber 
reinforced epoxy laminates. Since the choice of nanofiber chemistry points to the 
desirability of nanofiber-matrix compatibility and complete epoxy wettability, 
reinforcing abilities of the nanofibrous interlayers against transverse matrix 
cracking and delamination are explored. The overall experimental procedure 
beginning from the co-polymer synthesis and ending with the testing of 
composite laminates is explained in detail.  Special attention is given to the 
characterization of nanofiber/matrix interaction at the laminate curing 
temperature. As for mechanical testing, the flexural performance increase through 
the incorporation of nanofibrous interlayers is reported through 3 point bending 





flexure (ENF) tests whereas transverse matrix cracking resistance is primarily 
characterized by transverse Charpy impact tests and transversal tensile tests. The 
in-plane reinforcement ability is characterized by longitudinal tensile tests.  The 
fracture modes and the fracture surfaces of the failed laminates are investigated to 
provide supporting information to the reinforcement effect.  
     As an overall view, the content of this chapter will be informative about the 
manufacturing of nanofibers through electrospinning, the in-situ interaction of 
P(St-co-GMA)/MWCNT nanofibers with epoxy systems and the advantages of 
using those materials in the conventional composite materials as interlayers to 




























2.2 Experimental Procedure and Characterization 
 
 
2.2.1 Copolymer Synthesis  
 
 
     The monomers of styrene (purified) and glycidylmethacrylate (GMA) were 
supplied by Aldrich Chemical Co, whereas the solvents, , dimethylformamide 
and methanol, were purchased from Merck Chemicals Co. Copolymer poly(St-co-
GMA) was synthesized by solution polymerization technique. Purified styrene and 
GMA (by weight fractions: m=0.9 styrene and n=0.1 GMA) (Figure 2.1) were 
mixed in a test tube contained in an ice bath. Dimethylformamide (DMF) was then 
added into St-GMA monomer mix such that volume proportion was 3:2, 
respectively. The initiator azobisisobutyronitrile (AIBN) was then added into the 













     The tube containing the dissolved monomers was then kept 24 h in the constant 
temperature bath at 65 °C for the polymerization reaction. Finally, the polymer 
solution was poured out into a beaker containing methanol for precipitation.          






Obtained methanol/polymer mixture was filtered and dried in an oven at 60 °C for 
2 h. 30 wt.% P(St-co-GMA)/DMF polymer solutions were prepared and stirred 
magnetically  for 3 hours to obtain homogeneity.   
For MWCNT containing polymer solutions, 1 wt% of MWCNT was added to the same 
polymeric solution and the stirring time was set to 24 hours for the dispersion of 




2.2.2. Electro-spinning Process and Laminate Manufacturing 
 
     Polymeric nanofibers were obtained with electrospinning where an  electrical bias 
potential (via Gamma High Voltage ES 30P-20W) of 15kV  was applied to the polymer 
solutions contained in 2 mL syringe with a needle diameter of  300 µm (Figure 2.2) A 





rate of 30 µL/h. Cut prepreg layers purchased from TCR Composite Ltd. containing 
Zoltek standard modulus PX-35-50K-11 carbon fibers embeded in  UF3325-100 
thermosetting epoxy with an average fiber volume fraction of 63%, were placed over 





the grounded collector that was 10cm away from the syringe needle. The polymer 
solution was electrospun directly onto carbon/epoxy prepreg layers. Consequently, a 
thin homogenous layer of  nanofibers, was electrospun on the prepreg surface forming 
the interlayer with an additional weight as low as 0.2%of the prepreg ply weight. 
     Note that whether being subject to electrospin or not, out-of-the freezer time and 
conditions of the prepreg plies were kept consistent throughout the study. After stacking 
the plies for intended laminates, each stack was put on a metalic tooling plate along 
with a release film and peel ply (Figure 2.3).  Another sheet of peel ply was then laid on 
the pile of plies followed by a nonwoven breather layer.  Next, the whole lay-up was 
vacuum bagged and kept under vacuum during the cure cycle. The cure temperature 
was primarily selected in accordance with the glass transition temperature of P(St-co-
GMA) copolymer fibers [18] (Tg is around 100°C). Prepreg stacks were heated up to 














     Mechanical tests were performed using of Zwick Roell Z100 Universal Testing 
Machine and CEAST Resil Impactor machine. Loading rates and machine accessories 
were set up in accordance with the testing types namely, unnotched  charpy impact, 
three point bending, end notched flexure and transversal tension tests. 
 
2.2.3.1 Three Point Bending Tests 
 
 
     Flexural strength and modulus of interlayered and non-interlayered, (0 /0 /0) and 
(90/0/90) laminates were calculated via three point bending tests.  For interlayered 
laminates, two interlayers on the interlaminar planes separated by a carbon/epoxy ply 
were added. Test configurations and preparation of the specimens were done according 
to ASTM D790 testing standards. Applied load versus crosshead displacement values 
were recorded and corresponding flexural strength (σf) and flexural modulus (EB) 




where P is the maximum load , m is the slope of the tangent to the initial straight-line 
portion of the load-displacement curve and b, d, L are specimen width, thickness and 





Figure 2.4: Three- point bending test configurations 






2.2.3.2 End otched Flexure (EF) Test 
     Mode II critical strain energy release rate (GIIc) of the composite laminates was 
investigated by ENF tests. (0)4 uni-directional laminates containing mid-surface 
delamination were tested under three point bending load configuration. A non-
adherent, 30µm thick film layer was inserted to create the initial delamination during  
consolidation of the laminates. Unlike the 3-pointbending tests the interlayer was 
inserted only at the midplane. Tests were conducted with a constant displacement rate 
of 1mm/min and GIIcvalues were calculated using direct beam theory [20]. 
 
2.2.3.3 Un-notched Transverse Charpy Impact Testing 
     Charpy impact tests were performed in accordance with the ASTMD 6110 testing 
standards. Specimens of (0)4   laminates were subjected to transversal impact loading 
from the longitudinal edge. Interlayered specimens contained 3 layers of interply 
reinforcement. An impact hammer of 4 Joule energy capacity was used with an initial 
release angle of 150°. Amount of energy absorbed upon transverse impact was 
recorded. 
 







2.2.3.4 Longitudinal and Transversal Tensile Tests 
     Transverse and longitudinal tensile tests were performed in accordance with ASTM 
D3039 test standards. Laminates stacked as (0)4 and (90)4   having interlayers between 
the adjacent plies were tested. Tests were conducted with a constant displacement rate 
of 1mm/min. Maximum stress at failure was measured to determine the tensile strength 
of the tested laminates. 
 
2.2.4  Surface and Cross Sectional Characterization 
     Cross section and fracture surface analysis of the composite laminates were carried 
out with a LEO Supra VP35 field emission scanning electron microscope after sputter 
deposition of a thin conductive carbon coating onto the samples.   Distribution of 
MWCNTs in the nanofibers was investigated with a JEOL 2100 high resolution 
transmission electron microscope. Contact angle measurements of the epoxy resin on 
the electrospun fiber mats were performed using Kruss GmbH  DSA 10Mk2 
goniometer  using DSA 1.8 software. 5mg droplets of resin/hardener mixture were put 














2.3 Results and Discussion 
 
2.3.1 MWCTs in P(St-co-GMA) anofibers 
 
       A systematic study on the electrospinning of P(St-co-GMA)/MWCNT fibers 
was carried out and reported by Ozden et. al [21]. We implemented the process 
parameters and material proportions suggested for successful introduction of the 




Figure 2.6: a) A single P(St-co-GMA)/MWCNT nanofiber  c) A MWCNT 






     Figure 2.6 presents the TEM analysis of P(St
composed of 1 wt% MW
placed in  the polymeric nanofibers as 
 
2.3.2 Epoxy Wettability and Structural Compatibility of P(St
GMA)/MWCT interlayers
 
    Figure 2.7a and 2.7bsh
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     Recall that the resin system was already at the stage B of curing upon 
purchasing meaning that there was no interaction between resin and the hardener. 
Parallel with the common knowledge, our macroscopic investigations suggested 
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that a substantial drop in the viscosity have occurred during resin dwell time. This 
drop allowed overall system to soften and to interact more efficiently with the 
nano-fibrous reinforcements.  It was during that time interval that the interaction 
between resin and interlayers was maximized and the transition between figure 














     More formal investigation of the wettability was performed via contact angle 
measurements with epoxy/hardener mixture on the surface of the electrospun mat.            







When a droplet of epoxy/hardener mixture was put on the electrospun mat, it 
advanced and wetted the surface by leaving an average contact angle as low as 
26.5˚ ± 6.1˚, as shown in Figure 2.9. This result indicated that the viscous 
epoxy/hardener mixture could penetrate through the micropores in the fibrous 
surface morphology without challenging a remarkable capillary pressure due to the 
attractive forces [22], which is another indication of the chemical compatibility 
between the copolymer and the epoxy system.  
 
2.3.3. Flexural Performance by Three-Point Bending Tests 
 
     Comparison of three point bending tests on laminates with and without fibrous 
interlayers showed that their addition led to increase in both flexural strength and 
modulus of the samples. The nanofibrous interlayers within the (0/0/0) laminates 
resulted in 11% and 17% increase in the flexural strength  (σflex) and flexural 
modulus (Eflex), respectively (Table 2.1) Introduction of nanotubes by 1% 
weight to the copolymer fibers led to a further improvement adding up to 16% 
and 25% increase in the corresponding values compared to results without 
nanocomposite interlayers incorporated. Comparing (90/0/90) versus 
(90/I/0/I/90) laminates, P(St-co-GMA) nanofibrous interlayers increased both the 
flexural strength and modulus of the samples by17%. The increase in these values 
were 21% and 29% with P(St-co-GMA)/MWCNT interlayers.  
 
Specimen Type 
Flexural  Strength 
(MPa) 




 Neat Laminates 875 ± 15.5 45.68 ± 0.8 
(0)
3





1002 ± 14.2 57,3 ± 0.4 
(90/0/90)  Neat Laminates 
242 ± 5.9 4.9 ± 0.2 
(90/0/90) + P(St-co-GMA) 
Interlayer 
283 ± 10.8 6,03 ± 0.6 
(90/0/90) + P(St-co-
GMA)/MWCNT Interlayer 
296 ± 6 6,43 ± 0.9 









     Both stress-strain curves (figure 2.10) and post-failure SEM analyses on cross 
section of the specimens revealed that the lamination sequence was a factor in the 
fracture mode. Two distinct active failure mechanisms, transverse matrix cracking 
and/or delamination, were observed in (0/0/0) laminates. Co-existence of the 
two failure mechanisms on the samples is attributed to the inability of the three 
point bending test to create pure shear conditions. An example is shown in the 
SEM image of a (0/0) interface represented in Figure 2.11a where the two 
corresponding mechanisms were indicated with arrows (1: transverse matrix 
cracking and 2: delamination). Oblique intra-ply damage initiated at the end of 
delamination growth occurred due to the presence of high stress regions at the 
contact of the loading tip. The flexural strength and modulus increase reported by 
the three-point bending tests characterized both delamination resistance and 
matrix toughening introduced by the addition of the interlayer. This double effect 
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     Note that the local matrix failure did not cause the ultimate failure. Instead a 
stable crack growth characterized by the load drops in Figure 2.12was observed 
and the final fracture occurred when 90(failed)/0 interface progressed to 
delamination. Hence the overall flexural performance was governed by two major 
failure mechanisms. The increased resistance against initial matrix cracking may 
be noted by comparing the first ply failure loads whereas the delamination 
resistance of laminates may be compared by the ultimate load values. It is clearly 
visible from Figure 2.12 that the interlayer addition worked well for both 




































2.3.4. Mode II Strain Energy Release Rate by EF tests 
 
     P(St-co-GMA) interlayer presence at the pre-crack tip increased GIIc by 55 % 
Further increase up to 70% in GIIc by P(St-co- GMA)/MWCNTs interlayers  
suggests that the toughening is also correlated with the incorporation of the 









     Failure of ENF specimens was observed as dominated by unstable crack growth 
parallel to the interlaminar plane with a sudden load drop. Formation of an 
unstable crack growth can be considered as an inherent characteristic in the 
testing of UD laminates under ENF test configurations with constant 
displacement rate [23]. Further analysis of the fracture surfaces also suggested 
that the increase observed in GIIc was directly associated with the active role of 
interlayers on the fracture resistance. Common hackle patterns typically due to the 
micro-crack coalescence [24] all along the crack pathway are clearly visible on 
specimens without nanocomposite interlayers (Figure 2.14a).Whereas the hackle  
patterns for the interlayered specimens were either locally altered and replaced by  
ga more complex structure or enlarged in size (Figure 2.14b). 





 Neat Laminates 0.95 ± 0.03 
(0)
4
 +P(St-co-GMA) Interlayer 1.47±0.04 
(0)
4
 +P(St-co-GMA)/MWCNT Interlayer 1.6±0.07 





indicated in Figure2.14c. These damage marks were observed both in the areas 
consisting of epoxy-interlayer complex (left and right arrows) and around carbon 
fibers (center arrow) that is surrounded by epoxy-interlayer complex (Figure 
2.14d). Close examination of the fracture pattern seen in Figure 2.14d revealed 
the presence of micro-crack formation through the interlayer-epoxy complex. This 
observation can be further supported by the cut- like damage marks inside of the 
interlayer-epoxy complex for which a zoomed-in image is shown in Figure2.14e.  
Furthermore, the epoxy matrix and interlayers were not separated with a distinct 
interface, which was consistent with the structure shown in Figure 2.8c (image 

























Figure 2.14: Fracture surfaces of a) neat epoxy ply-to-ply interface b) P(St- Co-
GMA)/MWCNT interlayered interface. Zoomed in views for c)encircled area in 
2.14b. Arrows: the distinguishable damage marks d) encircled area in 2.14c, 
arrows: two distinct failure regions (carbon fiber interface and through 







2.3.5. Un-notched Charpy Impact Test Results 
 
     The effect of interlayers against the transverse micro cracking as reported by 
preliminary three point bending results were further explored by Charpy impact 
tests. Unidirectional composite specimens were subjected to transversal impact 
(impact head  to hit against the specimen longitudinal side wall rather  than its 
surface) in order to create a failure initiated by sudden matrix cracking. An 
average increase up to 20% was recorded with the interlayered specimens. 
Moreover, in consistence with the results reported in previous sections, the 
presence of MWCNT on the fiber surfaces played a similar role in the overall 









2.3.6. Transversal Tension Test Results 
 
    Transverse tensile tests of the uni-directional laminates offer an easy way to test 
for the effect of interlayers on the matrix dominated characteristics. Integration of 
P(St-co-GMA) and P(St-co-GMA)/MWCNTs interlayers on each ply resulted  in 
17% and 27% increase, respectively in transverse tensile strength (Table 1.3),  
with no weight penalty. These results correlate well with the previous Charpy 
impact tests where toughening by nanocomposite interlayers was associated with 
the increase in absorbed impact energy.  Ultimate fracture of the UD transverse 
tension specimens was in the matrix cracking mode as expected (Figure 2.16). The 
cross sectional analysis of failed specimens further revealed the difference in ply-
Specimen Type Impact Energy Absorbed (kJ) 
(0)
4
 Neat Laminates 1.72 ± 0.05 
(0)
4
 +P(St-co-GMA) Interlayer 1.86±0.1 
(0)
4
 +P(St-co-GMA)/MWCNT Interlayer 2.13±0.2 





to-ply resin structure at the interlaminar plane which was differentiated by the 











      Figure  2.15a corresponds to the cross- sectional view of a laminate of neat 
epoxy interlayer where the damage marks occurred due to the resin fracture are 
clearly visible and the between-ply and in-ply resin fracture  patterns are 
consistent.  On the contrary, the resin morphology between the plies(ply- to-ply 
interface) and inside the plies were different on the cross-sectional fracture surface 
of the P(St-co-GMA)/MWCNTs interlayered specimens, as can be seen in Figure 
2.15b. 
Figure 2.15: Cross-sectional view of a fractured transverse tensile UD test 
specimen a) neat epoxy ply-to-ply interface and b) P(St-co-







2.3.7 Longitudinal Tensile Test Results  
 
     The contribution of nano-fibrous interlayer addition to the ultimate strength of 
the composite laminates was measured through longitudinal tensile tests of UD 
specimens.  For this case, the addition of MWCNT was not considered. However, 
the presence of P(St-co-GMA) nanofibers on the interlaminar planes increased 
the ultimate tensile strength of the laminates up to 20 %  which was indeed an 
important results.  The ultimate fracture of test specimens has occurred due to ply 
splitting which was due to early critical matrix cracking causing the early failure. 
In that sense it is quite visible that the nano-fiber addition also increases the 
matrix toughness hence resisting more against transversial matrix cracks 
occurring under uni-axial tension loads. Along with transversal tensile strength 
the ultimate tensile strength results may be found in table 2.4.     



























34.6 ± 0.7 - 
Table 2.4: Transversal and Longitudinal Tensile Test Results 
 









     Electrospinning process was used to obtain nanofibrous P(St-co-GMA) and 
P(St-co-GMA)/MWCNT interlayers on uncured carbon/epoxy prepreg surfaces. 
Chemistry tuned compatibility of  P(St-co-GMA) nano fibers with the  epoxy 
matrix and its ability to confine MWCNTs were assessed. Three point bending 
test results showed significant amount of increase in both flexural strength and 
flexural modulus up to 25% and 29% respectively. The mode II delamination 
resistance was increased up to 70% and noticeable changes in the fracture modes 
were observed when nanocomposite interlayers were incorporated into the 
laminates. The resistance against transverse matrix cracking was tested under 
impact and tension loads. Interlayered charpy impact specimens absorbed 20% 
more energy than the non-interlayered ones. Transverse tensile strength of the 
interlayered UD specimens was about 27% higher than the non-interlayered 
specimens. Cross sectional fracture surface analysis suggested compatibility of 
interlayers with the surrounding matrix, which we attributed as the reason for 
resistance against matrix cracking. Chemical characteristics with the choice of 
P(St-co-GMA) also enable the incorporation of MWCNTs during electrospinning, 
which eventually increased further the mechanical performance of the interlayered 
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SURROGATE MODELS O MICROMECHAICS BASED STRESS 






     Besides the research efforts towards enhancing the mechanical response of 
composite materials (e.g. Chapter 2), substantial amount of efforts have been given to 
the effective implementation of these materials to the structural design cycles.  
Thestructural designof composites typicaly requiresa choice of failure criteria which is 
still open to discussion despite substantial amount of work carried out as overviewed in 
World Wide Failure Exercise[1].  The main difficulty for the failure criteria for 
compositesis due to existence of multitude of failure mechanisms associated with the 
phases within the composite multi-scale architectureunlike traditional isotropic 
materials.  Available and often considered as traditional failure criteria typicaly make 
use of macro lamina level strains and stresses.  Their effectivity and prediction 
capabilities, however, may depend on the problem and the materials [2-22].  
     Contrary to the macro level approaches, the micromechanical methods explaining 
the effect of constituent properties on the micro level stress distributions were actively 
used till 2000[23-24]  Hyer and Waas [25] proposed first,  capability of analytical 
models that are obtained from simple micromechanical models on the prediction of 
effective ply properties. This idea has been extended with the contributions of Hashin 
and Rosen [26]. Although analytical approaches granted successful expressions, the 
idealistic assumptions that they are based on usually limits their predictive capabilities 






     New generation failure criteria have aimed to implement accurately computed micro 
stresses and strains from the detailed analyses taking the multiphase nature of the 
material into account, such as FE based representative volume elements to the general 
prediction processes. Multi continuum model based on volume averages of micro 
stresses on different constituent phases, proposed by Mayes and Hensen [27-28] showed 
a reasonable way to implement the constituent properties to the general failure criteria. 
However, the volume averaging technique was found to be insufficient on the 
distinction of fiber/matrix interface failure and on the calculation of maximum stresses.  
In the studiesof Ha et. al, [29-30] the isolated unit strain cases were applied to the FE 
based representative volume element (RVE) in order to extract the mechanical stress 
amplification factors (Mσ) from the specified critical points on the RVE rather than 
calculating the volume average stresses on the constituents.  These factors create a 
bridge between the local micro stresses and general macro stresses and grants the direct 
implementation of micro stresses to the failure criteria. Several works have claimed the 
efficiency of MMF in the life and strength predictions of the composite materials under 
different loading conditions.  Several of these studies have been put together by Tsai et 
al. [31]. 
     Although it was shown as accurate, the implementation of MMF requires detailed FE 
analyses on RVE for given material property combination. This requirement may limit 
the use of MMF in easy implementation through the structural design cycles. As a black 
box solution to the problem, this study offers response surface based surrogate models 
for the calculation of stress amplification factors for carbon fiber reinforced epoxy 
composites.  Two major constituent properties such as longitudinal fiber stiffness (Ef), 
isotropic matrix stiffness (Em) and a lamina property such as fiber volume fraction (Vf ) 
were chosen as influential factors for the micromechanics analyses. The ranges of the 
factors were chosen so that it covers most of the industrial carbon fiber and epoxy 
products manufactured by conventional composites manufacturing methods (Figures 3.2 
-3.3).  A three level full factorial experiment design with total 27 design points was 
considered. The combination of factors were assigned to the square array RVEs to 
which unit strain cases were applied under periodic boundary conditions. The extraction 
of stress amplification factor matrices was done as proposed by Ha et. al. [30]. Each 
index of Mσ   matrix was represented by a second-degree polynomial function.  










3.2.1 Concept of “Experiment” 
 
     In the scope of this work, “experimentation” refers to the FE micromechanics 
computation process that leads to the extraction of critical stress amplification factors 
on the constituents. The process has the following set of actions. (I) creation of square 
array RVEs, (II)  application of unit strains to RVEs that are subject to periodic 
boundary conditions, (III) evaluation of stress distributions on the critical points defined 
on the RVE. (IV) calculation of critical (maximum) stress amplification factors. 
 
3.2.2 Planning and Analysis of Experiments: Response Surface Methodology  
 
     Investigation of the effect of the factors on the results usually requires number of 
different trials which changes both with number of factors or variables and their 
selected levels of interest. The planning and analyses of those runs/experiments were 
performed within the context of Response Surface Methodology. Response surfaces are 
used to approximate the numerical data as surrogate models which are usually low-
order polynomials. The three key steps of the methodology as noted in [32] are 
following:  
 
3.2.2.1 Design of Experiments 
     Parameter or factor settings for the experimentation (here the FEA based 
computations) were pre-selected. The selection represents the design/parameter space so 
that the experimentation will yield adequate and reliable measurements/calculations of 
the response of interest. Throughout this work a three-level factorial design was 
considered. Three-levels for each design variable were decided to be the bounds and the 
corresponding middle point.  In total 33 design/test points were obtained for each design 
variable having three different levels. Any variable within the design domain may be 








where  xi represents the coded value of the design variable when it takes the value vi 
within the range of max(vi) and min(vi).  With that representation the maximum, 







3.2.2.2 Determination of Parameter Ranges 
     In the course of the determination of parameter or factor ranges, the basis was to 
create a broad design space so that aimed surrogate models would be valid for a wide 
range of composite material that can be formed of commercially available fiber/epoxy 
choices/combination. 
     From that perspective, as the first factor, EF values were collected from the data 
sheets of well known carbon fiber filament manufacturers. Figure 3.2  shows  the fiber 
stiffness, strength and diameter values for various carbon fiber filaments manufactured 
by Toray Carbon Fibers America Inc. [33] , Hexcel Composites Ltd. [34] and  TOHO 
TENAX Co. Ltd. [35]. The shaded area in the figure nearly contains the whole range of 
available products.  The minimum fiber stiffness value  
 





reported was 221 GPa whereas the maximum stiffness was 588 GPa.  Carbon fiber 
filaments having longitudinal stiffness values higher than 500 GPa may be considered 
as ultra high modulus fibers and their usage is limited to selective high-tech 
applications. Then, the practical bounds for EF were decided to be 200 GPa and 500 GPa 
hence corresponding middle design point was 350 GPa.   Also it is vital to address that 
the average fiber diameter values were etiher 5µm or 7µm. Since Vf was considered as 
another factor which contains the information about the fiber diameter when the 
modeling is carried out, the fiber diameter itself was not chosen as a specific factor, but 
its value was fixed to 5µm. 
     While determining the matrix elastic modulus (EM) range, several epoxy based 
prepreg data sheets provided by Hexcel Composites Ltd. [36] as well as the values 
reported by Soden et. al [37] were considered. Although the maximum value of the 
actual data was 5.1 GPa, the upper limit was set to 6 GPa so that associated parameter 
space would also cover stiffer epoxy products obtained with alteration of epoxy system 
(Figure 3.3). Minimum and the middle point for EM was determined to be 3 and 4.5 GPa 
respectively. Since matrix phase was taken as an isotropic material, in plane shear 






modulus have also changed with changing tensile modulus values where the in-plane 
Poisson’s ratio (v12) was fixed to 0,35. 
 
 
     From a parallel point of view, fiber volume fraction (Vf ) was chosen to cover the 
typical range of composite products. In the determination of Vf the diversity of 
manufacturing methods was taken into account such that the minimum value was set to 
40 % as an approximate value that may be obtained via a standard vacuum infusion 
process. The maximum value, however, was set to 70 % which was a reasonable value 
mostly achieved by the application of autoclaved pre-preg materials.  The summary of 
used constituent properties were summarized in table 3.1 and 3.2   
 
 























3.2.2.3 Responses: Mechanical Stress Amplification Factors 
 
     Stress amplification factors were calculated by the same methodology proposed by 
Ha et. al [30] where 3 dimensional RVEs were subject to unit strains in 6 loading 
directions under periodic boundary conditions. A recapulation of this methodology is 
given in detail in the works of Ha [30] and also collected together by Firlar [38].  
Responses that would be evaluated at each design point were the indices of Mσ matrix 
namely, Mσxy values (Figure 3.4).  
 
Carbon Fiber (Anisotropic)  Fiber 
Longitudinal Tensile Modulus Ef (GPa) 200-350-500 
Transversal Tensile Modulus  Ef2=Ef3 (GPa) 15.2 
Major Poissons Ratio v12=v13=v23 0.2 
Minor Poissons Ratio v21=v31 0,015-0,008-0,006 
In Plane Shear Modulus G12 =G13 (GPa) 9.6 
Out of Plane Shear Modulus G23 (GPa) 6.4 
Volume Fraction (Vf) 0,4-0,55-0,7 
Epoxy (Isotropic)  Fiber 
Elastic Modulus Ef (GPa) 3-4,5-6 
Poisson’s Ratio 0,35 
Shear Modulus 2,02-3,04-4,05 
Table 3.2: Epoxy material data 
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     The values of these factors were calculated at 6 critical points determined on the 













Figure 3.4: Mechanical stress amplification factor matrix acting on macro 
stresses. 





3.2.2.4 Regression Analysis 
     Regression analysis were performed using Design Expert 8.2 by Stat-Ease which 
also conducts appropriate statistical tests concerning parameters in the mathematical 
model that is RS approximation.  The fundamentals of least square fitting procedure and 
response surface analysis can be found in dedicated sources [39].  A stepwise regression 
based on backward elimination method was performed where all of the responses (b) 
were initially fit to a second order polynomial function (see figure 2.6) that was 
followed by the sequential elimination of “ least significant” factors determined by 
variance analysis.   The significance level was determined to be 0.05 and each factor 
having a p-value higher than 0.05 was eliminated from the mathematical model.  

































3.3 Results and Discussion 
 
3.3.1 Verification of FE Based Stress Analysis  
 
     Although the process of calculating the stress amplification factors was well defined 
in the literature, the extraction process is sensitive both to nature of the FE model (mesh 
type, element number) and to the solver used for the FE analysis. 
The verification was evaluated through an example case that was both studied by Tay 
and Yudhanto [39] and Ha [30].  The material properties used in this example case is 
shown in table 3.3. This example case was specifically chosen so that the material 












     By assigning these material properties to square RVEs and applying unit strains, Tay 
and Yudhanto [40] made a systematic investigation on the strain amplification factors. 
For the verification case, the major amplification factors at the orthogonal of strain 
amplification factor matrix at the studied critical points were considered. A comparison 


























     The comparison of the strain amplification factor values indicated the correct 
application of unit strains and periodic boundary conditions to RVEs. Figures 3.6a-3.6f 
corresponds to the correct strain distribution on RVE.   
     Further verification was done by calculating the effective ply properties out of the 
macro compliance matrix obtained by the volume average of stresses on the RVE.  The 
elastic ply properties calculated were compared by the ones that have been reported by 














Current Work S11 S22 S33 S12 S23 S13 
F1 1,000 0,952 0,454 0,864 0,706 0,388 
F2 1,000 0,634 0,634 0,507 0,630 0,507 
F3 1,000 0,454 0,952 0,388 0,698 0,864 
IF1 1,000 2,995 0,371 7,470 3,686 0,278 
IF2 1,000 0,371 2,995 0,378 3,704 7,470 
IS 1,000 1,097 1,097 1,780 2,426 1,780 
Tay and Yudhanto       
F1 1,000 0,970 0,435 0,902 0,692 0,355 
F2 1,000 0,631 0,631 0,510 0,678 0,510 
F3 1,000 0,435 0,970 0,355 0,692 0,902 
IF1 1,000 3,156 0,339 7,502 3,747 0,266 
IF2 1,000 0,339 3,165 0,266 3,747 7,502 
IS 1,000 1,050 1,050 1,799 2,780 1,799 
 Current Ha 
E11(GPa) 212,58 ≈210 
E22(GPa) 9,89 ≈10 
E33(GPa) 9,89 ≈10 
G23(GPa) 3,06 ≈3 
G13(GPa) 4,44 ≈4,5 
G12(GPa) 4,43 ≈4,5 
v12 0,24 ≈0,22 
v23 0,3 ≈0,2 
Table 3.4: Comparison of strain amplification factors at different 
critical points  





     These results confirmed that the overall process implemented here equally well and 
current models may be used in the extraction of Mσ matrices.   
      After this correlation, next step was to solve each 6 models for each point 
determined by the experiment design and to collect and evaluate the stress amplification 






Figure 3.6 RVEs subjected to unit strains a) 11 direction b) 22 direction c) 33 








3.3.2 Surrogate Models for Stress Amplifications on Fiber/Matrix Interface (F1, 
F2, F3) and Matrix Phase (IF1, IF2, IS)  
 
     Stress amplification factors on the fiber phase were determined from the critical 
points F1, F2, and F3.  Also note the fact that due to transversely isotropic nature of the 
lamina along with the symmetry of the RVE, the radial strains at point F1 and F3 are 
also equal (e.g. M22 on the critical point F1 are the same with M33 on F3) In order to 
avoid unnecessary calculations, the surrogate models were calculated for F1by which 
F3 can be adopted, and for F2 separately (Table 3.6 and Table 3.7). Similarly stress 
amplification factors on the matrix phase were determined from the critical points IF1, 
IF2, and IS . In order to avoid unnecessary calculations, the surrogate models were used 
together for IF1 and IF2 whereas IS was reported separately (Table 3.8 and Table 
3.9).Critical fiber stress amplification factors would then be determined by taking the 
maximum value of each term on different critical points. The empty spaces in the tables, 































































































































































































































































































































































































































































































































































































































































































With the use of these functions stress amplification factors on the critical points may be 
calculated both for matrix and fiber phases.  
 
3.3.3 Surrogate Model Adequacy Checking and Parameter Effects  
 
     Prediction accuracy of the surrogates can evaluated by the comparison of actual and 
predicted values of Mxy at different critical points. For these comparisons, the diagonal 
terms of Mσ matrixat the critical points were primarily considered and reported here. 
Effect of parameters on the general responses can also be determined by the statistical 
tests of RSM on the coefficients along with their magnitudes associated with the coded 
domain.  
     For M11 the prediction results were in good agreement with the actual data and its 
magnitude was almost the same at F1, F2 and F3 critical points (Figure 3.7).  Fiber 
volume fraction was the most effective parameter changing the values of M11.  Whereas 
Ef and Em  parameters had a relatively minor effect.  
 








     The most critical point for M22 was F1. Depending on the parameter combinations 
the maximum value was changing between these two points.  Actual vs. prediction plots 
suggested that the model adequacy was good(R2=0,99). For this case the most 
significant parameter was Em. The combined effect or interaction of Vf and Em was also 
effective..  
 
      
     In the case of M44 which corresponds to the critical stress amplification factor on 23 
direction, the location of the critical was changing with the changing parameter 
combinations between the points F1 and F2.  Vf  was the most effective parameter along 
with  Em in both cases.  For low volume fractions the stress concentration have appeared 
on F2 but with increasing Vf  F1 becomes critically loaded.  In addition to this the fit 
quality was in an acceptable range for both critical points.  
 






Figure 3.9 Actual vs. Prediction plot and F-Ratios for M44 on F1 and F2 






     In the case of M55 which corresponds to the critical stress amplification factor on 13 
direction, F3 was the most critical point. Vf  was the most effective parameter along 
with  Em in both cases.  For low volume fractions the stress concentration have appeared 
on F2 but with increasing Vf  F1 becomes critically loaded.  In addition,the fit quality 




3.4 Conclusion and Future Works  
 
The conclusions and achievements to be underlined as a result of this chapter may be 
summarized as:  
 
• Square array RVEs that were subjected to unit strains in six different loading 
directions under periodic boundary conditions, were created efficiently by using 
MSC PATRAN and solved by MD NASTRAN.  
• 3 parameters namely longitudinal elastic modulus of fiber (Ef), fiber volume 
fraction (Vf) and elastic modulus of matrix (Em) were chosen. The ranges of the 
parameters were determined through product data bases and literature search.  
• An example case was studied, in order to justify the present FE models that were 
solved by MD NASTRAN. Present model results and referenced strain 
amplification values  along with  effective material property predictions 
correlated very well 
• FE models were solved and post processed at 27 full factorial case points and 
stress amplification matrix for each case was calculated and noted.  
•  Every term in Mσ  matrices  at the previously determined critical points on RVE 
were represented as a surrogate quadratic polynomial function taking the design 
variables as internal parameters by response surface based regression analysis. 
Approximated values were reported 
•  
Beginning from this point the future directions for the current work may be listed as:  
 
• The implementation of transversal elastic modulus of fibers as fourth design 





• Approximation models will be used in the creation of MMF based failure bands 
where the effect of uncertainty on material properties will be studied through 
Vertex Method [41].  The requirement of FE analysis at each point determined 
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EFFECT OF FIBER YAR COUT-TEX O THE STREGTH AD FAILURE 
EVELOPES OF O-CRIMP GLASS FIBER COMPOSTIES 





     Composite materials are progressively replacing metals in aerospace, automotive and 
marine applications due to their high strength to weight ratio. As promising new 
materials, the development of those material systems for improved characteristics and 
performances is of crucial importance for their industrial uses[1]. Elevated in-plane and 
out-of-plane mechanical response of the composite laminates is at the focus of these 
developments. As of in-plane properties, very stiff and very strong composite materials 
may be obtained by the use of unidirectional (UD) reinforcements. They are typically 
made practical by prepreg technology. However, the manufacturing of pre-preg based 
composite laminates mostly requires an autoclave process which increases cost 
substantially. In addition, the storage and use of prepreg materials are limited with their 
shelf life [2]. 
     Woven fabric reinforcements can lead improved out of plane response and reduced 
manufacturing costs as their non-prepreg use is also practical. However, their main 
problem appears to be the crimping of fiber yarns due to the interlacing which 
significantly reduces the in-plane properties as a result of fiber kinking. 
Non crimp fabric (NCF) reinforcement, obtained by stacking layers of unidirectional 
yarns of different orientations that are stitched together through their thickness, offer 
fairly good out of plane and in-plane mechanical properties[3-9], as well as low 
manufacturing costs. Due to their promising properties, the detailed investigation of 





seven subsequent papers where they investigated the effect of several fabric properties 
under different loading conditions and made effective computational approximations on 
the behavior on multi-axial NCF based composite laminates [10-16].  Moreover, Varna 
[17] and Edgren [18] studied the effects of stitching pattern and the lay-up sequence on 
the composite properties. In line with the experimental works, several computational 
studies have investigated the failure and damage mechanisms in NCF composites in 
order to make effective failure analysis [19-23].  
     Non-crimp fabric composites have dominant meso-scale architecture where the 
yarn/matrix interaction is also a factor along with individual fiber/matrix interaction 
which is typically treated as micro-scale. In meso-scale outlook, yarn number of a NCF 
composite can also be investigated as an effective factor since for a constant fabric areal 
weight, it both determines the width of the fiber bundles and the width of the inter-
bundle region. From a meso-mechanical point of view these two regions acts as load 
carriers (bundles) and stress transfer agents (inter-bundle region).This chapter includes 
the details of a systematic study done for the investigation of the effect of fiber yarn on 
the strength of non crimp glass fabric (NCGF)reinforced vinyl ester composite 
laminates.  
     Four different NCGF TEX  as 300, 600, 1200, 2400  were used for custom made of a 
constant reinforcement ply areal weight and were impregnated by vinyl ester resin 
system via vacuum assisted resin transfer molding. Laminates with four different lay-up 
sequences such as (0)8, (+45/-45)4s, (0/90)4s, and (0/+45/-45/90)s were studied. Ply 
strength parameters (X, Xˈ, Y, Yˈ, S) and stiffnesses are determined by the tensile and 
compressive testing of (0)8 and (+45/-45)4s laminates.  The failure mechanisms are 
investigated with respect to changing yarn number.  The last ply failure prediction by 
degradation factor based Tsai-Wu criterion were carried out and   failure envelopes for 












4.2. Experimental Procedure and 
4.2.1 Materials  
 
     Four different non-crimp fabrics each containing glass fibers 
or 2400 TEX stitched with synthetic yarn were 
Composites (Figure 4
300g/m2.  Fiber bundle size and the distance between the individual fiber bundles were 
different with increasing yarn number (Table 
impregnated with Crystic VE
Bader Co. Ltd. 
 








custom made and provided by Metyx 
.1a-4.1d). For all of the fabrics the areal weight was fixed at 
4.1). All of the dry fabrics were 
-676-03 unsaturated vinyl ester resin supplied by Scott 
Fabric c) 1200 TEX 
d) 2400 TEX NCGF Fabric 
 












4.2.2 Laminate Manufacturing  
 
     Vinyl ester based NCGF composite laminates having 8 layers of dry fabric were 
manufactured in different lay-up sequences (as in Table 4.2) via vacuum assisted resin 
transfer molding technique. Vacuum bagging and curing were done at room temperature 
and under 0,9 bar vacuum pressure (Figure 4.2a-4.2c).  Laminates were post cured at 
80˚C for 3 hours (Figure 4.2d) 
 
 300 TEX 600 TEX 1200 TEX 2400 TEX 
Fiber Diameter 
(µm) 
14 15 16,5 17,5 
Bundle Width (µm) 1000 2000 3000 4000 
Bundle-Bundle 
Distance (µm) 
500 800 1200 4000 
Table 4.1: Fabric properties for different yarn number 
 
Figure 4.2: a,b,c) Flow front during the vacuum infusion process d) A view from 











4.2.3 Mechanical Testing  
 
     Tensile tests of cut composite specimens were performed as described in ASTM 
D3039 test standards. Test specimens were subject to uni-axial tension with a constant 
displacement rate of 2mm/min and corresponding stress-strain values were recorded for 
maximum tensile strength and elastic modulus determination both in transverse and 
longitudinal directions with respect to fiber orientation. Corresponding shear strength 
and modulus of the laminates were determined out of tensile tests according to ASTM 
D3518 test standard. A micro-extensometer was used for displacement measurement. 
ASTM D695test standard was considered for compression tests. Constant displacement 
rate was set to 1.3 mm/min.  Compressive strength and modulus of the laminates were 
recorded.  
     The tensile tests of constituents was also completed where un-reinforced vinyl ester 







Laminate Coding 300 TEX 600 TEX 1200 TEX 2400 TEX 
(0˚)8 UD 300 UD 300 UD 1200 UD 2400 
(+45˚/-45˚)4s X 300 X 600 X 1200 X 2400 
(0° / 90)4s LT 300 LT 600 LT 1200 LT 2400 
(0° / +45° / -45° / 90° )s Q 300 Q 600 Q 1200 Q 2400 






4.2.4 Loss on Ignition Methodology For Fiber Volume Fraction Determination 
 
     The determination of the fiber volume fraction is done according to the Loss on  
Ignition Method as described in ISO1887 test standards. According to this method, first 
the specimen is placed in a container and its weight is measured (M1). The weight of 
the container is also measured as C. Then, the specimen is heated up to 120˚C in an 
oven and kept at that temperature for 1 hour for moisture removal and the weight is 
again measured (M2). Finally, the container is heated to 650˚C in the same environment 
and kept at that temperature for 30 minutes and again its weight is measured (M3). The 
final fiber weight fraction was determined as (M3-C)/ (M2-C). The corresponding fiber 
volume fraction was calculated by taking the glass fiber density as 2,55 g/cm3 and resin 



























4.3 Results and Discussion 
 
4.3.1 Fiber Volume Fraction of Laminates 
 
Average fiber volume fractions determined out of the loss on ignition methodology are 
summarized in table 4.3.  
 
 
Fiber Volume Fractions UD X LT Q 
300 TEX 52 % 50 % 52,5 % 52 % 
600 TEX  52,5 % 53 % 50 %  51 % 
1200 TEX 50 % 52 % 49 % 48 % 
2400 TEX 51 % 49 % 48 %  47 %  
 
 
As it can be seen the average volume fractions of the laminates were close to each other 
and varied between 47 % and 52 %. 
 
 
4.3.2 Effect on Longitudinal and Transverse Tensile Strength of Composite 
Laminates 
 
     The failure of (0)8 laminates was often proceeded by splitting of plies into parallel 
strips which was mostly initiated from the resin rich inter-bundle regions and caused the 
final failure of the laminates. Failure of the laminates have occurred after maximum 
tensile strength was achieved and differentiated by the sudden load drop observed at the 
end of testing (Figure 4.3a-4.3b). The longitudinal tensile strength of L2400 test 
coupons was lower due to bigger inter-bundle distance. However, L600 test specimens 
showed the highest tensile performance rather than the L300 specimens (Table 4.4).  
The superior behavior of L1200 laminates with respect to L300 and L2400, suggested 
that the inter-bundle distance could be tuned for better performance rather than 
choosing the extremes.  










     For transversal tensile tests, the observed fracture mode was transverse matrix 
cracking as expected (Figure 4.4a- 4.4b). Similar to the longitudinal test results, T2400 
specimens have shown the lowest performance where as the other specimens have 
shown close performances. Since the matrix phase is critically loaded under transverse 
tension loads and the resin system was the same for all test specimens, the difference in 
the performance outlines the presence of residual stresses that occurred during curing 
process. As resin rich regions, the inter-bundle spaces were ideal places for the 
concentration of residual stresses which caused the early matrix cracking for T2400 















Figure 4.3: a) Representative stress-strain curves for longitudinal tensile testsb) 




















































300 758,1±4,1 38,5±0,4 39,5±0,9 5,4±0.2 
600 928,8±12,5 38,8±0,2 42,4±1,9 5,9±0.1 
1200 793,8±11,4 39,1±0,5 37,3±1,4 5,8±0.2 
2400 654,6±21,5 39,2±0,5 31,8±1,9 5,6±0.3 
Figure 4.4: a) Representative stress-strain curves for transversal tensile testsb) 










4.3.3 Effect on the In-Plane Shear Strength of Composite Laminates 
 
 
     The characteristic failure of [+45/-45]4s laminates under uniaxial tension was 
dominated by a non-linear behavior which was formed of an initial elastic region 
followed by plastic region.  This behavior under shear loading was previously reported 
on several works in the literature [24-28].  Similar to the works of Van Paepegem the 
fracture of all the laminates had occurred from the midsection and with an angle of 45˚, 
as a typical shear failure. In the scope of current work, the non-linearity of the stress-
stain curves (Figure 4.5a) was observed to be very sensitive to TEX number of the 
reinforcement. We believe this behavior was due to the tendency of fiber bundles to 
move in-situ, towards the loading direction. The stress-strain curves in figure 4.5a 
suggested that the ability to make this movement was related with the yarn number, 
through the associated bundle width and inter-bundle distance. For instance for X300 
laminates, having the smallest bundle width and inter-bundle width, the elastic region 
was followed by a plastic deformation during which the load increase continued till the 





       On the other hand, the nature of plastic deformation for X600 laminates was 
somewhat different than X300 laminates where a significant amount of plastic 





Figure 4.5: a) Representative stress-strain curves for (+45/-45)4s laminates b) 





laminates were also able to go through extensive plastic deformation before the fracture. 
However, different than X600 specimens, X1200 specimens were unable to carry more 
loads while deforming plastically.. On the contrary, X2400 laminates have again gone 
through an early failure at the end of a similar plastic behavior seen for X600 and 
X1200 laminates. The interpretation of this complex behavior requires further 
experimentation supported with computational methods. However, with these results, 
we can say that NCGF laminates with small bundle width and inter-bundle distance 
were able to move more compactly against shear loading. As these widths became 
larger, the stress transfer between the bundles and equal stress distribution of the fiber 
bundles has become less efficient (X600, X1200) and after a specific point this 
















 4.3.4 Effect on the Longitudinal and Transversal Compressive Strength  
 
      Longitudinal and transversal compression tests of UD laminate were conducted in 
order to complete all of the ply strength parameters required for the creation of Tsai-Wu 
failure envelopes. The failure of (0)8 test specimens was initiated by fiber kinking and 
the ultimate fracture had occurred due to the fiber fracture at the kinking region (Figure 
4.6a, 4.6b). Kinking behavior was differentiated by the deformation pattern during 
testing (Figure 4.6c). The transversal direction the fracture occurred due to the matrix 








300 62,9±1.0 6,9±1.0 
600 72,4±1,5 6,9±1.5 
1200 56,8±1,4 5,4±1.4 
2400 42,5±1,8 5,0±1.9 





















      Different from the tensile test results, for longitudinal compression tests, the 
performance of each laminate was very close. The reason for the consistency, may be 
the fact that the fracture was dominated by fiber failure. However the exact reason is 
still under investigation.  Finally, the transversal compression test results were also very 





























Figure 4.6. Compression tests a) Fractured (0)8 laminates b) Side-view of 


















4.3.5 Tsai-Wu Based Failure Envelopes and Correction Cases  
 
      The ply strength parameters (X, Xˈ,Y,YˈS) and stiffness parameters that were 
extracted out from the above mentioned tensile and compressive tests. These parameters 
were used in the creation of Tsai-Wu failure envelope as anchor points. The capability 
of Tsai-Wu failure criteria to predict the last ply failure of each laminate with different 
yarn numbers was sought through the comparison of test results obtained from the 
tensile tests of a cross-ply (0/90)4slaminate and a quasi-isotropic (0/+45/-45/90)s 
laminate.  
      For the prediction of last ply failures, a property degradation based methodology 
offered by MicMac [29] software was used. For a brief information, this methodology 
assumes that once the first ply failure is achieved, the properties of one or more plies 
become simultaneously degraded due to the formation of micro cracks or catastrophic 
fiber break or buckling.  For our case, the matrix degradation factor was fixed to 0.2 and 
the fiber degradation factor was fixed to 0.01. In addition to that the interaction term Fxy  
was set at -0.5.  The details of these parameters and how they are implemented to the 
failure analysis may be found in reference [29] in detail. According to this the last 
failure envelopes of tested correction case laminates on σ1-σ2 stress plane and 


















300 285.0±10.4 24,5±1,7 128,4±1,5 10,1±0,1 
600 318,8±23,1 24,2±1,6 131,9±0,8 10,5±0,1 
1200 301,1±21,1 23,2±1,4 126,2±3 9,4±0,2 
2400 329,7±16,5 26,4±1,7 123,4±2 9,3±0,2 









































Figure 4.7: Tsai-Wu Failure envelopes for (0/90)4s and (0/+45/-45/90)s laminates 
with 300 TEX NCGF reinforcement 
Figure 4.8: Tsai-Wu Failure envelopes for (0/90)4s and (0/+45/-45/90)s laminates 






Figure 4.9: Tsai-Wu Failure envelopes for (0/90)4s and (0/+45/-45/90)s laminates 
with 2400 TEX NCGF reinforcement 
Figure 4.10: Tsai-Wu Failure envelopes for (0/90)4s and (0/+45/-45/90)s 





      The results suggested that the predictions done with Tsai-Wu failure criteria were in 
a reasonable error range for (0/90)4s laminates. Whereas for (0/45/-45/90)s laminates 
Tsai-Wu failure was not able give good predictions. One reason for that inability may 
be the complex failure mechanism observed for +45 and -45 plies since Tsai-Wu failure 







 4.3.6 Micromechanics Based Back-Calculation of Constituent Properties 
 
      A simple micromechanical failure analysis was also conducted for UD laminates 
where the strength of constituents, namely fiber tows and resin , were back calculated 
by using the micromechanics of failure theory as explained in chapter 3.  Basically, the 
micromechanics based stress amplification factors were used as amplifiers to the macro 
stresses determined by the lamina testing, in order to calculate the constituent strength 
according to maximum stress failure criterion. Stress amplifications for both Square and 
Hex and RVEs were calculated through the use of SMM+ software [29].  The strength 
of fibers was determined through the tensile tests of fiber tows. Due to complexity of 
the testing associated with the gripping properly, it was very hard to determine the 
elastic modulus of fiber tows. Hence, the longitudinal fiber modulus used as inputs in 
























300 421,8 380 -9,9 315,5 189 -40,1 
600 503,6 466,5 -7,4 360,1 214,6 -40,4 
1200 357,9 398 11,2 292,8 185,6 -36,6 
2400 326,5 307,4 -5,8 187,9 170,5 -9,3 
Table4.7: Test Results for (0/90)4s and (0/+45/-45/90)s  laminates and 





UD laminate testing and fiber volume fractions. Determined constituent strengths and 
stiffnesses are summarized in table 4.8 where as the corresponding stress amplification 




















































14 52 % 77 3,44 2826 49,8 
600  
 
15 52,5 % 77,6 3,44 2801,3 49,8 
1200  16,5 50 % 78,2 3,44 3087.0 49,8 

















Table 4.8: Constituent properties for micromechanical analysis 
 
































      As it can be deducted from the predictions, using MMF criteria was not efficient in 
terms of predicting the micro stresses that has caused the final failure.Most important 
reason of this observation was, in support with the previous observations about matrix 
cracking and effect o inter-bundle distance, that MMF assumes that the ultimate fracture 






















758,1 1402,4 1402,4 2826 
600 928,8 1708,9 1700 2801,3 
1200 793,8 1524,1 1532,1 3087.0 






















39,5 46,2 46,2 49,8 
600 42,4 49,6 50,1 49,8 
1200 37,3 44,1 44,1 49,8 
2400 31,8 37,5 37,5 49,8 
Table 4.10: Back calculated fiber strengths for different micromechanical 
models 






ultimate tensile strength of fibers were reached. However, for the problem in hand, the 
failure of UD specimens was dominated by critical matrix cracking. That is why, there 
were significant differences between the ultimate tensile strength of test specimens with 
different yarn numbers, although the fiber strengths and volume fractions were close to 
each other.   
      On the other hand, the back calculation of resin strength out of transversal tensile 
tests can be considered as successful by using MMF. Although both hexagonal and 
square array models were able to give good predictions for T300, T600 and T1200 
laminates they were unable to predict the resin strength of T2400 laminates.  This 
inability once again signifies the presence of unwanted residual stresses in the inter-
bundle regions which are not taken into consideration in the present MMF analysis and 





























4.4 Conclusions and Future Works 
 
 The conclusions and the achievements to be underlined as a result of the content of this 
chapter may be counted as follows:  
 
• Non-crimp glass fabric composite laminates having different fiber yarn numbers 
and constant areal weight were manufactured successfully by vacuum assisted 
resin transfer molding process. Obtained laminates had reasonable and close 
fiber volume fractions.  
• The effect of yarn number, hence the fiber bundle width and inter-bundle 
distance, on the mechanical response of the laminates was studied. 
• It was observed that the yarn number has a significant effect under longitudinal 
tensile and in-plane shear load condition whereas minor effects under other 
loadings considered such as longitudinal and transversal compression. For the 
longitudinal tension tests, it was shown that the inter-bundle distance had to be 
tuned for better mechanical performances rather than choosing it on the 
extremes as in the cases of L300 and L2400 laminates where the mechanical 
performance was lower.  
• For in-plane shear tests, again a significant difference was observed with 
changing yarn counts, TEX numbers.  For this test case, the movement of fiber 
bundles towards the loading direction was again controlled by inter-bundle 
region as the loading and deformation proceed. Compactness and separated 
nature of the fabrics have directly shown itself in the test results as different 
plastic responses.  
• Tsai-Wu ply strength parameters extracted out of mechanical test results and 
were used in the creation of ply degradation based last ply failure analysis of 
laminates (0/90)4s and (0/+45/-45/90)s .   
• With Tsai-Wu failure analysis based on the macro level stresses, the tensile 
strength of (0/90)4s laminates was predicted accurately. However, it was unable 





attributed to the complex behavior of +45 and -45 plies under tensile loadings 
which is not taken into account in the Tsai-Wu failure analysis.  
• The ability of Micromechanics of failure to predict this effect was tested with 
simple back calculation of constituent properties out of tensile testing of UD 
laminates via stress amplification factors extracted out of square, hexagonal and 
octagonal array representative volume elements.  
• Resin strength was predicted efficiently with MMF except for T2400 laminates 
where the residual stresses were present.  
As an overall view, throughout this chapter conventional  steps were followed for a 
standard failure exercise.  Systematic investigation of the effect of yarn number was 
done with a systematic manufacturing and testing process.   
The general plot suggested that none of the most conventional failure criteria either 
based on macro stresses or micro stresses was able to give perfect predictions on the 
effect of yarn number on the strength of NCGF laminates. Having investigated that 
systematically, the outputs of this chapter will be used in the creation of meso-scale 
models whose prediction capabilities will be compared with the ones of MMF and Tsai-
Wu failure criteria.  Also the test database will be extended with the compression and  
open hole tension tests of (0/90)4s and (0/+45/-45/90)s  laminates which will be used as 
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